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suMMARY

Anexperimentalinvestigationusingmicroscopicobservation ‘
oftheactionwasconductedtodeteminethecauseoffretting
corrosion.Glassandothernoncorrosivematerials,aswellas
metals,wereusedasspecimens.A verysimpleapparatusvibrated
convexsurfacesincontactwithstationaryflatsurfacesatfre-
quenciesof60cyclesorlessthan1 cyclepersecond,anamplitude
of0.001inch,anda loadof0.2pound.

Theobservationsandarmlysisled.totheconclusionsthat
frettingcorrosionwascausedbytheremovaloffinelydividedand
apparentlyvirginmaterialduetoinherentadhesiveforces,and
thatitsprimaryactionisindependentofvibratorymotionorhigh
slidingspeeds.Thefrettingcorrosionofplatinum,glass,quartz,
ruby,andmicarelegatedtheroleofoxidationasa causetothat
ofa secondaryfactor.Frettingcorrosionoccurred.tooleannon-
metalsandmetalsreadilyatiglassmicroscopeslidesandsteel
ballsprovidedanexcellentmethdforvisualstudies.

INTRODUCTION
Frettingcorrosionissurfacefailurethatmayoccurwhen

closelyfittingmachinecomponentsarevibrated.Thedesignation
maybeinaccuratebutwillbeusedherein.Thephenomenonoffret-
tingcorrosion(hereinappliedtosurfaoefailurethatmayoccur
whencloselyfittingmachinecomponentsarevibrated)isprincipally
characterizedbysurfacestain,corzwion,pitting,andthegenerat-
ionofoxides,asdescribedindetailinreferences1 and2. The
determinationofthecauseoffrettingcorrosionhasbeentheobject
ofseveral.researchprograms.Theresearchreportedinrefer-
ence2 supportsTomlinson’stheoryofmolecularattrition(refer-
ence3)thatindicatesthatthecauseoffrettingcorrosionisa
physicalaction, or specifically, the disintegration of the metal
surface is due to “molecular@uoking.”Morerecently,chemia
actionhasbeenreportedtobeofprimaryimpotiance(reference4).
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Otherinvestigators(forexample,references
electrolytic,abrasion,welding,andfatigue
theactionthatproducesfrettingcorrosion.

NACATN2039

5-and6)haveadvanced
theoriestoexplain
Thesetheoriesare

divergentandmoreevidenceisneededtomakeanyonetheory
generallyacceptable.

Thefailureofcertainaircraftpartsduetofrettingcorrosion
hasproducednewincentivetosolvethepo%lemofthepreventionof
thephenomenon.Antifrictionbearingssubjecttorotationaloscil-
lationandside-thmstvibrationexperiencethegreatestamountof
frettingcorrosionandsuchparbsasconnecti~rods,knucklepins,
splinedshafts,andclampedandboltedflangessufferdeleterious
effects(reference1),

‘l?heresearchreportedhereinwasconductedattheNACALewis
laboratorytoobserveandtoanalyzetheactfonoffrettingcorrosion
initsinitialstagesinordertodetermine+itscause.Inasmachas
thelimitsofmechanicalfactorssuchasload,frequency,andampll-
tudehavebeenestablished(reference2),thisinvestigation
waslimitedtomicroscopicobservation,debrisanalysis,andsurface
analysisoffretting-corrosionareas.Thenonmetallicmatertals,
glass,quartz,ruby,andmica,andthemetalplatinumwereusedas
specimensbecausetheirnoncorrosivenesswouldindicatewhetherthe
primaryactionwasphysicalorchemical;inqddltion,thenonmetallic
materialseliminatedthepossibilityofwelding,simplifiedthe
debrisanalysis,andinsomecasespermittedmicroscopicobservation
oftheaction.

Frettingcorrosionwasinducedby-averysimpleapparatus,
whichvibrateda convex(usuallyspherical)surfaceincontactwith
a flatsurfaceatfrequenciesof60cyclesorlessthanl–cycleper
second,anamplitudeof0.001inch,anda lo~ of0.2pound.

APPARATUS,WEIUALS,ANDPROCEDURE

A photographoftheapparatusisshowninfigure1. Thevfbrat-
ingactionof60cyclespersecondwithanamplitudeof0.001inch
wasinducedbya solenoid.Thespecimenwiththeconvexsurfacewas
firmlyattachedtotheplungerofthesolenoid,whichwashorizontal.
Thespechenwiththeflatsurfacewasheldstationaryina hori-
zontalplaneandloadedverticallybya flatspring.Thespring
causedtheflatsurfacetoexerta loadofapproximately0.2pound
ontheconvexsurface.

.

Theapparatuscouldheattachedtothemechanicalstageofa
microscope;permittingmicroscopicobservationof%hecontactarea
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withvertioalorobliqueillumination.Withtransparentflat
speoimens,thecontactareaoouldreadilybelooatedbeoauseit
wassurroundedbyconcentricinterferencebands(fig.2). Ampli-
tudewasmeasuredbynotingthedistanoebetweentheefireme
positionsofa scratchmarkonthevibratingsurface.Theexperi-
mentsconductedat60cyclespersecondweredividedintothree
groups:(1)thepreliminarymetalagainstmetal,(2)themetal
againstnonmetal,and(3)thenonmetalagainstnonmetal.Nogen-
eralmaterialsurveywasmadeandthenumberofmetalsusedwas
limited.

Inthemetal-against-metalgroup,mildsteel,chromesteel,
stainlesssteel,copper,andaluminumwerevibratedagainstmild
steelessentiallytoascertainwhethertheapparatuswouldfnduce
frettingcorrosionandwithsatisfactoryreproducibiltly.Inthe
metal-against-nonmetalgroup,the-fivemetalsplus platinum.wem
eachvibratedagainstglassmicroscopeslides,mioa,andLucite
antiextensiveobservationsweremadewithl/2-inch-diameterchrome-
alloysteel(SAE52100)ballsandtheglassslides.Glasswas
usedasoneofthesurfacesbeoauseitisrigicl,noncorrosive,and
transparent.Thesepropertiesweredesirabletopermitobservation
oftheactionaswellastosimplifyaebrisanalysis.Thestate-
~nt istie inreference2 thatglassnotonlyproduoesfretting
corrosionon steel but isitselfattacked;theabilityofglassto
pickupmetalauringsliaingisclemonstratedinreference5. In
thethirdgroup,glass,quartz,mby,tics,andLucitewereeach
vibrateaagainstoneanother.Allthematerialsweresha~dinto
convexorflatpieoesasrequiredandfinishedtoa surfacerough-
nessof1 to3 rootmeansquarebyfinegrindingandpolishing.

A groupofexperimentsthatareconsiaereatobel/2-oyole
experimentswereconducte&withanadapterontheapparatus,which
proviaedforslidingtheglassmicroscopeslideoverthesurface
ofthestationaryballata speeaofapproximately0.002inchper
secondorless.Themotionwasoausedbyhand-turninga finescrew
to whichtheglasswasattached.Becausethedirectionwasreversed
each0.001tnch,thefrequencywasconsidered1 cyclepersecondor
less.A slow-motionvibrationwasthussimulatedandtheaction
thatoccursin1/2cyclewasobservetl..

Allspecimenswerethoroughlyaleanedimmliatelybefore
beingmountetlintheapparatus.Themetalcleaningconsistedin
decreasinginanorganicsolventfollowedbysorubbingwithsurgical
cottonina pasteoflevigatedalumina,a thoroughrinseintap
water,a rinsein95-peroentalcohol,anddryinginair.Particular
effortwasmadetowashoff-alladheringalumina.Theglass,ruby,
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quartz,andmicaspecimenswerecleanedinfreshsodiumbichromate-
sulfuricacidcleaningsolutionfollowedbyrinseintapwaterand
distilledwaterandovendrying.TheLucitewaswipedcleanwith
lenstissue.

Thenumberofcyclesthatanypairofspecimenshadexperi-
encedwasdeteminedbymeasuringthelengthoftimecurrentwas
supplietLtothesolenoid.Inthosecasesinwhichtheflatspeci-
menswerenottransparent,thevibrationwasinducedforperiodsof
1, 2,4,8,16,32,60,120,180,300,and600secondscumulatively.
Aftereachperid,theflatspecimenwasremovedandthespoton
theconvexspechmand on the flatspecimenwereeach~croscopically
examined.Photomicrographsweretakeninsomecasestoaidinthe
descriptionoftheaction.Whentrans~rentspecimnswereused,the
completeactioncouldbeviewed@th ease.Thevibrationcouldbe
stopped-atanytime~however,andthecontactareaviewedatrest.

RESULTSANDDISCUSSION

WeliminaryMetelagainstMetal

Intheprelimina~metal-against-metalexperiments,eachofthe
sevetipairsofspecimensinvestigatedexhibitedfrettingcorrosion
withinapproximately300secondsandproducedthecharacteristic
debrisandweararea.Thepatternofthespotontheflatsurface
wasalwayssimilartothepatternof thespotontheconvexsurface.
Theseexperimentsrevealedthatload,am@itude,andfrequencywere
suchastoproducefrettingcorrosionquicklyandtheamountof
debrisandthesizeofthewearspotcouldbereproducedforany
givenpairinthesamenumberofcycles.

T& introductionofanoilfilmincreasedthetimerequiredto
producefretting corrosion but did not otherwiseappreciablyalter
the results.

MetalagainstNonmetal

Photomicrographsofthecontactareaatvariousstagesofthe
frettingoorrosioncaused%yvibratinga ohrome-alloysteelball
againsta glassspecfmenareshowninfigure3. Within1/4second
(15cycles),frettingcorrosionwasevidentasa smallblack
irregularspotontheball,whichsteadilygrewinsizeandbeoame
discontinuous(figs.3(a)and3(b)). A brownstickysemifluidoxide
wasthengenemtedwithinthecontactarea,spreadovertheglass,
andadheredtenaciouslytoit. !lWsoxidesharesthecontactarea

.

.
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withtheblackmaterial(figs.3(b)to3(f)).A rust-coloredfine
dryoxidewasalsoformedthatwasetinzdedfromtheareainincreas-
ingquantitiesandaccumulatedjust outsidetherubbingarea,as
evidentinffgures3(b)to3(f).Activeblackspotsshiftedposition
asthephenomenonprogressedbecauseofdisintegrationof’peaksbear-
ingtheloadforthemcment.

Afterapproximately20,000cycles,theactionstablizedtoa
steady-growthconditionwithcontinuedgenerationofmaterialin
theblackspotssurroundedbybrownsemifluid,oxideandtheformation
offinepowder-likeoxide.Theblackcoloroftheactiveareas
indicatedthepresenceoffinelydividediron;thisindicationwas
furtherconfirmedbysubsequentchangetodarkbrownandthento
rustbrown.Ifthevibrationwasstopped,thetrappedblackmaterial
couldbeseentograduallyturnbrown.Finelydividediron,ferrous
oxideFeO, andferrosoferricoxideFe304areblack;whereas,
ferricoxide’Fe203anditshydratedformFe203.~0arereddish.
Becausethefretting-corrosiondebrisofsteelwasidentifiedbyelec-
trondiffractionas Fe203”~O~thecolorchangesthatoccuredshowthe
progressiveoxidationoftheiron.~ettingcorrosionisapparently
initiatedbytheloosening,duetoinherentadhesiveforces,of
extremelyfinelydivfdedanda~ently virginmaterialthatis
extrudedandreactswithoxygensimultaneously.Examinationofthe
bellaftertheexperimentrevealeda flatoxide-encrustedspot
(fig.4(a)),whichonsubsequentcleaningwasrevealedtobea clean
abradedflatspot(fig.4(b)).Thestickyoxideontheglasswas
removedwithdifficultybutcompletelywithacidsanda striated,o
cracksdareawasrevealed.Thestriationscouldnotbebrought
intosharpfocuswiththemicroscope,indicatingappreciabledepth
andirregularity(fig.5(a)).Iftheactionwascontinuedfor
longerperiods,theglassfragmentedlocally(fig.5(b))andwaspitted.

Theintroductionofa filmofpuremineraloilbetweenthe
surfacesincreasedthetimefortheffrstevidenceoffretting-
corrosionaction50times.Thisdelayalsoprovideda slow-motion
studyofthefretting-corrosionprocessandshowedthatoxides
wereproducedinthesamemannerdespitethepresenceofoil.
Oncethephenomenawer&wellunderway,themodifyingeffectofthe
oilwasreduced.

Othermetalsvibratedagainstglassslidessupportedthe
explanationoffrettingcorrosiondeducedfrcmthesteel-glass
e~riments.Inoneexperiment,flame-cleanedplatim foil

supportedbya steelballwasvibratedincontactwithcleanglass.
Thegenerationofa blackpowderinthecharacteristicwaywas
observed(fig.6). Thispowderr&ainedblackandthatwhich

.
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adheredtotheglasscouldbecompletelyremovedonlyhya 4-hour
treatmentinaquaregi.a.Color,acidresistance,andsource .
indicatethatthematerialwasfinelydividedplatinum(platinum
black).Becauseplatinumwillnotoxidizeinairatanytemper-
ature,thetheorythatoxidationistheprimaryactionoffret-
tingcorrosionisnotsupported..

Theactionofa stainless-steel(SAE30705)convexsurface
againsttheflatglasswassimilartothatofthechrome-alloy
steelballsexceptthatthenumberandtheextentoftheactive
blackareasweregreater.Copperprcxiuceda brownish-black
materialthatalsoadhere&tenaciouslytotheglass.Attimes,
largepartiolesofmetalliccoppercouldbeseentoleavethe
contactarea.Duringthethirdminuteofvibration,thecontact
areaassumedthegreenishtintcharacteristicofoopperoxide.
Boththesemetalswerepittedandabraded.andtheglassstriated.

Uhdertheconditionsofthel/2-cycleexperimenttwotypes
ofactionwereobserved.Ifthesurfaceoftheballwaspzw-
viouslyroughenedwith2/0emerypaper,theglasswouldpolish
thecontactareaontheballandbecomesmearedtiththesemi-
fluidoxide,whichwcmldagaintenaciouslyadheretotheglass.
Theamountofdebrisaccumulatedinthree1/2cyclesofvibration
isshowninf’igure7(a).

Aninoreaseinfrictionalforcewasapparentwhentheoxide
waspresentbetweenthesurfaces.Thisgreatermotivatingforce

s wasrequiredtocontinuerelativeslidingbecausea nonlubricating
materialwaspresentbetweenthesurfacesandtenaciouslyadhered
toeach.Theoxideitselfwasshearedandthetwonewfacesthus
fo-d bemmetheslidingsurfaces.Ifa bdl withitsoriginal
polishedsurfacewasused.,nch lessoxidewouldbesmeared,but
themovementwmld causetheglasstogripthebellandasthe
relativeslidingcontinuedtheglasswouldvisiblyandaudibly
crack. Thecrackingoccurred atthetrailingedgeofthecontact
area.A photomicrographoftheglassthroughwhichthepicture
wastakenintheprocessofforminga secondcrackisshown
infigure7(b).Therowofcracksp?ciiucedintheglassduring
continuedslidingisshowninfigure7(c).Thesmearingofthe
metallicoxideontotheglassandthecrackingoftheglassare
apparentlyduetoa greatamountofadhesionpermittedbythe
extremecleanlinessofthespecimens.Thesurfacefinishonthe
balldetermineswhichphenomenonwilloccur.A roughsurface
supportstheloadona numberofpeaks,theaverageparticleof
whichisrelativelyexposed.Slidingofthesmoothglassover
thesepeaksresultsindisintegrationofthepeahandsubsequent
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oxidationoftheremovedmetal.A smoothpolished
ballsupportstheloadona fewbroadundulations,
whichissecure.Slidingofthesmoothglassover

7

surfaceonthe
thematerialof
thesecontact

areasresultsinfailme-oftheglass=therthanthemetal..This
conceptisinagreementwithreferenoe7,whichpresentsdata to
showthat the amountof material transferred frombase to rider
increasedwith increase in surface roughnessif the rider was
harderthanthebase.Consideringthesteelballastheriderand
thesteelharderthantheglass,someincongruitymayexistin
thiscomparisoninthattheglasspickedupmaterialfromthesteel.

Theglassappearedtoploughintothealuminumscoringit
heavily.Largemetallicpiecesweremixedwitha grayish-black
puwder.Someofthedebrisadheredtenaciouslytotheglassinthe
characteristicmanner.Thepowderwasinsolubleinnitricacidbut
solubleinalkali,indicatingthataluminumwasstillpresent. Mica
andLucitealwaysworeawaythemetalsurfacesandproducedvery
greatamountsofflocculentdebris.Observationoftheactionof
themetalswasdifficultbecauseofthegreatdilutionofthe~tal
debrisbythevoluminousdebrisfromtheflatspecimen.This
experimentindicatedthatnopropertypeculiartoglasswasinduc-
ingtheaction.

NonmetalsagainstNonmetals

Theindependenceoffrettingcorrosionfromchemicalaction
wasindfcatedina groupofexperimentsinvolvingthenonmetallic,
nonoxidizingmaterialsglassagainstquartz,ruby,ormica.By
vibratinga mby witha convexsurfaceagainsta @ass slideand
observingtheactionundera microscope,surfacedisintegration
couldbeseentooccur.Theglass,after2 to3 secondsofrubbing,
suddenlycollapsedlocallyanddistributed debris aboutthe contact
area, leaving a pit. Thisactionshiftedthebearingareatothe
edgeofthepitandthedisintegrationwascontinued(fig.8). An
earlystageofdisintegrationwithtwopitsfomedisshownin
figure8(a)whereastheadvancedstageof20ormorepitsisshown
infigure8(b).Therubywassimplyfurtherpolished,thatis,the
microscopicscratcheswereerased.Thevibrationwasnot continued
longenoughtopittheruby.Quartzagainstglassactedthesame
asrubyagainstglass.Micaagainsta glassballandEuciteagainst
a glassballalsobehavedsimilarly.Inallcases,thedebriswas
prcXluced,exln’uded,andaccunmlatedinthesamemannerobserved
withmetal.debris,exceptthatno change incolortookplace.Fret-
tingcorrosionoccurredto~ca intheleastnumberofcycles,the
numberrequiredbeingprogressivelygreaterfor.lucite,glass,quartz,
andruby,whichisalsotheoziierofincreasinghardnessof the
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materials.Thetendenoyforfrettingcorrosionbetweenthevarious
nonmetalsandglassandtheamountofdebrisgeneratedtherefo~
appear.tobeinverselyproportionaltothe..hard.neseofthenonmetal.

coNzumm REMARKS

Theobservationsmadeindioatethatfrettingcorrosioncan
occurbetweentwononmetals.Thesuscepti~ilitytofrettingcor-
rosionofncnoxidizingmaterialssuchasglass,quartz,ruby,mica,
andplatinumrelegatestheroleofoxidationasa causetothatof
a secondaryfactorandindioatesthatfinelydividedandapparently
virginmaterialisfirstproduced.Inthemetals,thisproduction
ofvirginmetalissuggestedbythecolorchangesthroughwhichthe
metalpssedasitoxidized.Theoxidesa= thereforeconsidereda
byprcductoftheinitialaction.Thespontaneityoftheoxidation
isprobablyduetotheincreasedchemicalactivityoftheparticles.
Thisincreaseiscalledmechanicalactivationinreference9,which
alsostatesthattheincreaseismorethanthatprcducedbyclean-
linessorreducedparticlesize.Theoxideformationwasinduced
atextremelylowspeedsandlightloadswherethedissipticmof
frictionalheat-issufficientlyrapidtominimizetheocourrenoeof
10Cd hotspots.Thepossibilityoffrettingcorrosionbeingcaused
byregenemtivehigh-temperatureformingoxidefilmsthatarethen
rubbedoffisthereforeunlikely.

Theconclusionis~de In reference2 thatalternatingslipis
a necessaryconditionforfrettingcorrosion.Theproductionofa
smearontheglasssurfacein1/2cycleandthecrackingof glass
onsmoothmetalindicatethatalternationofmotionisunnecessary
topromote theactionthatcausesfrettingcorrosion,although
alternationdoesgiveititsusualcharacteristics.Thisideais
supportedbytheobservationthatfrettingcorrosionstartswith
thesliding.Loweringthefrequencyonlydecreasestherate-at
whichfrettingcorrosionoccurs.Thisrelationindicatesthatthe
cause offrettingcorrosionisindependentoffrequency.

Themetaltransfercausedbyslidingonemetaloveranother
demonstratedinreferences7 and9 wasattributedtoadhesion.
Similarly,intheexperimentsreportedhereintheactionobserved,
namely,removalofmaterial,cracking,andgeneralsurfacedestruc-
tionwasattributedtoadhesic?n,whichleadstotheconclusionthat
frettingcorrosionisa manifestationoftheadhesioncomponent
offriction.

.

.
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Anexperimental

RESULTSANDCONCLUSIONS

investigationwasconductedtodeterminethe
oause offrettingcorrosion.Glassandothernoncorrosivemater-
ialswerevibratedincontactwithoneanotherandwithmetalsand
microscopicobservationoftheactionwasmade.Convexsurfaces
werevibmtedincontactwithstationaryflatsurfacesatfre-
quenciesof60oyclesorlessthanlcycleTersecond,anampli-
tudeof0.001inch,anda loadof0.2pound.

Thefollowingresultsandconclusionswereindioated:

1. Frettingcorrosionwascausedbytheremovalof finely
dividedandapparentlyvirginmaterialduetoinherentadhesive
forces.

2. Thefrettingcorrosionofplatirnnn,glass,quartz,ruby,
andmicarelegatedtheroleofoxidationasa causetothatofa
secondaryfactor.,

3. l&ettingcorrosionreadilyocourredbetweencleannon-
metalsandmetals.Glassmicroscopeslidesandsteelballsyro-
videdanexoellentmethcdforobservingfrettingcorrosion.

4. Theinitiatingoffrettingcorrosionisinflepend.entof
. vibratorymotionorhighslidingspeeds.
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Figure 1. - Fretting-Oorrosionapparatus.
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Figure2.-Photomlorogrqhofohrom-alloy”steelballthroughglass
ferenoebandssurroundingoontaotarea.X140.
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Figure 4. - Phubmiorograp&e showingfretting-oorrwion area on obrme-alloy steel ball after MM cyclee, XMO.
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Fi@m 6. - Photmiorograpbs of ccmm platinumsurfacethrough gl.easslide showingvear and debris ~uoed. X140.
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Figure

(c) Debris accumulationoutside field of view of figure 6(b).

6. - Comluded. Fhotomiorographaof oonvexplatinumsurface throughglass slide
showingwear anddebris produced. X140.
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(a) View of glass slide showing (b) VieW of ball tbro@ gless
eumnt of debris tremfermi eh~ .geom.dmeek being
fmn roughened steel. formed in glass on trailing
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(.) VieV d glass slide showing
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Figm 7. - ~OtCQiO~~@S sh- effOCtS of one-half13yolavibrationbetween -S d @teel s!uT200. X140.
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(b) AdvancedS-.
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